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Plant resistance genes 
According to the gene-for-gene hypothesis, race specific resistance results from 
the direct or indirect interaction between a plant R-gene product, and its 
corresponding pathogen avr-gene.  Avr-genes represent a structurally very 
heterologous group, which have nothing in common other than the fact that their 
presence triggers plant signals leading to race-specific resistance. In contrast, R-
genes from diverse plant species with specificity for a wide variety of viral, 
bacterial or fungal pathogens often encode structurally similar proteins. 
 
R-gene structures 
 
Despite the wide range of pathogenicity molecules, R-genes encode only five 
classes of proteins divided on the basis of six known functional domains 
(reviewed in Bent, 1996; Dangl and Jones, 2001) (Fig. 1). The leucine-rich repeat 
(LRR) domain contains multiple serial repeats of leucines or other hydrophobic 
residues. LRRs are found in diverse eukaryotic proteins and function in protein-
protein interactions, peptide-ligand binding and protein-carbohydrate 
interactions. LRR domains can be either cytoplasmic or extracytoplasmic, and are 
thought to play a significant role in the specificity of R-genes (Jones and Jones, 
1997). Serine-threonine kinase domains are found also in several R-proteins 
where they are thought to modulate activation of signal transduction cascades 
through phosphorylation. Many resistance genes also encode nucleotide binding 
sites (NBS). Such domains occur in diverse proteins with ATP- or GTP-binding 
activity, suggesting that nucleotide triphosphate binding is essential for the 
function of these proteins. An interesting parallel to animal immunology is the 
presence of Toll-Interleukin Receptor (TIR) domains in some plant R-genes. Both 
the mammalian Interleukin-1 receptor (IL-1R) and the Drosophila Toll receptor 
trigger activation of a transcription factor (Kuno and Matsushima, 1994; 
Morisato and Anderson, 1995), and it is hypothesised that the related plant 
resistance genes work through a similar mechanism. The transcription factor 
activated by IL-1R stimulates production of active oxygen, and its activity is 
modulated by salicylic acid compounds, further connecting plant and animal 
responses (Bent, 1996). Additionally, the Toll protein interacts with the protein 
kinase Pelle, which has significant similarity to the Pto  R-gene of tomato 
(Morisato and Anderson, 1995). Another R-gene domain is the leucine zipper 
(LZ), a consensus heptad repeat sequence which facilitates protein-protein 
interactions by promoting coiled-coil (CC) structures. 
 
R-gene classes  
 
The largest class of R-genes is the cytoplasmic NBS-LRR class. They seem to be 
specifically evolved as resistance genes and are highly adapted for this purpose. 
Their most striking feature is the variable number of carboxy-terminal LRRs, and  16 
each protein of this class has a conserved NBS. The NBS-LRR class can be 
subdivided on the basis of N-terminal features; some have TIR domains while 
others have CC domains. The four remaining R-gene classes are more structurally 
diverse, and some members have even demonstrated functions in processes 
unrelated to plant defence. The R-gene class of serine/threonine kinases so far 
only consists of the tomato Pto gene (Martin et al., 1993), which confers 
resistance to Pseudomonas syringae. Pto interacts with avrPto, but requires the 
presence of the NBS-LRR protein Prf for its function (Salmeron et al., 1996). 
The  Xa21 gene, which confers resistance to Xanthomonas oryzae in rice, 
represents another class which encodes a transmembrane receptor carrying a 
large extracellular LRR domain and a cytoplasmic protein kinase domain (Song 
et al., 1995). The Cf-2, 4, 5 and 9 genes of tomato, mediating resistance to 
Cladosporium fulvum (de Wit and Joosten, 1999), have a structure similar to 
Xa21, but lack the kinase domain. It has been hypothesised that race-specific 
recognition resides within the LRR domain, but that LRR and kinase domains 
within a protein or from two different proteins often function together in signal 
transduction pathways (Dangl and Jones, 2001). Very recently, the first TIR-
NBS-LRR gene containing a transcription factor domain was cloned (Deslandes 
et al., 2002). It confers resistance to several strains of Ralstonia solanacearum in 
A. thaliana and was named RRS1-R. Other variants  of the NBS-LRR class are 
Ve1 and Ve2 which confer resistance to Verticillium dahlie in tomato (Kawchuk 
et al., 2001). They have a structure similar to the Cf genes, but has an N-terminal 
signals for receptor-mediated endocytosis. 
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Figure 1. Schematic representation of the location and structure of the main classes of 
plant disease resistance proteins. CC = coiled coil, TIR = Toll/Interleukin receptor NBS = 
nucleotide binding site, LRR = leucine rich repeat, WRKY = WRKY transcription factor 
motif, Kin = kinase domain.  25 
The Brassica species 
Several of our economically important oilseed and vegetable crops, like oilseed 
rape, turnip rape, cabbage, kale, broccoli, cauliflower and oilseed mustards, 
belong to the Brassica genus. Their ancestors have been utilised since the start of 
agriculture due to their wide applications. The leaves, stems, roots, and buds are 
edible and the seeds can be used for oil extraction or as a condiment. The 
Brassica genus includes the cultivated diploid species B. rapa (turnip rape, 
formerly B. campestris), B. nigra (black mustard) and B. oleracea (cabbage) and 
the amphidiploid species B. juncea (Indian mustard), B. napus (oilseed rape, 
swede) and B. carinata (Abyssinian mustard).  
 
The  B. napus species is divided into two different crops; oilseed rape 
(subspecies  oleifera) and swedes (subspecies rapifera), the former greatly 
dominating in cultivation area and economical importance. It is one of the most 
important sources of edible vegetable oil, and can be grown world wide in spring 
or winter forms. The main areas of oilseed rape production are Europe, Canada, 
Australia, India and China. In Sweden, approximately 35 000 ha of oilseed rape 
was planted in the autumn of 2001. Fungal diseases are the main cause of crop 
loss in oilseed rape cultivation, the most important diseases being white rust 
(Albugo candida), black spot (Alternaria brassicae or A. brassicola), blackleg (L. 
maculans), clubroot (Plasmodiophora brassicae), Sclerotinia stem rot 
(Sclerotinia sclerotiorum), light leaf spot (Pyrenopeziza brassicae) and 
Verticillium wilt (Verticillium longisporum) (Rimmer and Buchwaldt, 1995; 
Steventon et al., 2002). Insect pests are also a limiting factor in oilseed rape 
production, while virus- and bacterial diseases occur to a minor extent. Brassica 
rapa is known as turnip rape, and is the non-bulbing form of the true turnip. It is 
the most cold-hardy of the Brassica oilseeds, which makes it suitable for 
cultivation in northerly latitudes. B. juncea, on the other hand, is well adapted to 
drier conditions. It is grown as an oilseed crop in India and China, but has 
otherwise mainly been grown for condiment purposes. However, interest in B. 
juncea as an oilseed crop has recently developed in Australia, where it is 
regarded as more drought-tolerant alternative to B. napus.  B. nigra, black 
mustard, was historically grown along with white mustard (S. alba) as a source of 
condiment for the spice trade. However, since the 1950’s it has been superseded 
by  B. juncea, the main reason being its pod characteristics, which render it 
unsuitable for mechanical harvesting (Hemingway, 1995). Nowadays, only very 
small amounts of B. nigra are traded on the world market, but it is still used as a 
source in the breeding of Brassica crops. It carries desirable traits such as heat 
and drought tolerance and resistance to the blackleg disease.  
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The Brassica genomes 
 
The relationship between the Brassica species was established by cytological 
studies in the 1930’s (Morinaga, 1934; U, 1935). The three diploid species each 
represent a parental genome of the amphidiploid species (Fig. 4). B. rapa 
contains the A genome (n=10), B. nigra contains the B-genome (n=8) and B. 
oleracea contains the C genome (n=9), and these are combined in B. juncea 
(A+B genomes, n=18), B. napus (A+C genomes, n=19) and B. carinata (B+C 
genomes, n=17). These relationships have later been confirmed by 
morphological, biochemical and RFLP studies (Mithen et al., 1984; Takahata and 
Hinata, 1986; Song et al., 1988). Amphidiploid species have also been 
resynthesized by interspecific crossing of the parental genotypes (Olsson and 
Ellerström, 1960) and by protoplast fusions (Glimelius, 1999).  
 
RFLP linkage maps and comparative maps have generated a great deal of 
information on the organization of the Brassica genomes. The three genomes are 
partially homologous. They presumably derive from a common ancestor, 
although it has been suggested that the A and C genomes originated from a single 
lineage whereas the B genome represents an individual lineage. A general 
property of all Brassica genomes is the high degree of duplication, and the 
amphidiploid genomes in particular are highly complex. Linkage maps have been 
constructed for B. napus, B. nigra, B. oleracea, B. rapa and B. juncea (reviewed 
in Quiros, 1999). In a study of a highly polymorphic cross of B. nigra, it was 
observed that almost the entire B. nigra genome could be assigned into groups of 
triplicated collinear chromosomal fragments (Lagercrantz and Lydiate, 1996). 
From these data, it was hypothesised that the B-genome descended from a 
hexaploid ancestor. 
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Figure 4. Genomic relationships between the Brassica crop species, arranged according to 
U (1935).  29 
The fungal pathogen Leptosphaeria maculans 
More than 200 years ago, Tode first described the saprophytic organism Sphearia 
lingam, which he found on dead red cabbage stems. In 1849, the fungus was 
reclassified into the genus Phoma. Phoma lingam (Tode ex Fr.) Desm. has since 
then been known as the causal agent of blackleg, dry rot and canker diseases in 
cruciferous crops. As recently as 1957, its sexual stage was found and confirmed 
as being Leptosphaeria maculans (Desm.) Ces & De Not (reviewed in Williams, 
1992). L. maculans is a loculoascomycete belonging to the order Pleiosporales. 
 
Blackleg disease 
 
L. maculans can attack stems, leaves, cotyledons, pods and seeds of both B. 
napus, B. rapa and B. oleracea. The characteristic symptoms are leaf lesions, 
usually greyish in colour with visible pycnidia, and stem cankers in the later 
stages (Fig. 5). The major yield loss is due to lodging as a result of basal, girdling 
cankers. Cankers also restrict the flow of moisture and nutrients up to the 
ripening seeds, causing premature ripening and shriveled seeds and pods.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) stem infections and (b) leaf spots, caused by L. maculans on oilseed rape. (c) 
L. maculans ascospores found in pseudothecia. Bar represents 16 µm. (d) scanning 
electron microscopy of L. maculans hyphae growing in a B. napus leaf. 
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Disease cycle 
Primary infection is mainly initiated by airborne sexual ascospores (Fig. 5c), 
which are released from pseudothecia on infected crop debris. The disease can 
also arise from infected seed. Seedlings are infected by invasion of cotyledons, 
while younger leaves are invaded through stomata or wounds. L. maculans is a 
facultative necrotroph, that during the initial phase of infection grows in a 
biotrophic manner. However, behind the hyphal front the fungus becomes 
necrotrophic and produces asexual pycnidiospores in the dead tissue (Hammond 
et al., 1985). Pycnidiospores can cause significant secondary spreading when 
dispersed to neighbouring plants, but do not germinate as efficiently as 
ascospores (Wood and Barbetti, 1977). After initial infection, the fungal hyphae 
grow intercellularly and in xylem vessels down the petiole (Fig. 5d). This phase 
is basically symptomless, but when the fungus finally invades and kills the stem 
cortex a black stem canker is produced. After harvest, pycnidiospores can 
colonize remaining stem tissue saprophytically, and dormant mycelium survives 
between seasons. When conditions are optimal, pseudothecia are formed, which 
release ascospores for a new round of infection (Fig. 6).  
 
 
 
 
Figure 6. The life cycle of L. maculans on B. napus (reviewed in Howlett et al., 2001). 
(Printed with permission from B. Howlett) 
 
 
 
 
 